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ABSTRACT:  Cutaneous  and  ocular  injuries  caused  by 
sulfur  mustard  (SM;  bis-(2-chloroethyl)  sulfide)  are 
characterized  by  severe  inflammation  and  death  of  ex¬ 
posed  cells.  Given  the  known  roles  of  p38MAPK  and 
NF-kB  in  inflammatory  cytokine  production,  and  the 
known  roles  of  NF-kB  and  p53  in  cell  fate,  these  path¬ 
ways  are  of  particular  interest  in  the  study  of  SM  in¬ 
jury.  In  this  study,  we  utilized  inhibitory  RNA  (RNAi) 
targeted  against  p38a,  the  p50  subunit  of  NF-kB, 
or  p53  to  characterize  their  role  in  SM-induced  in¬ 
flammation  and  cell  death  in  normal  human  epider¬ 
mal  keratinocytes  (NHEK).  Analysis  of  culture  super¬ 
natant  from  200  pM  SM-exposed  cells  showed  that 
inflammatory  cytokine  production  was  inhibited  by 
p38a  RNAi  but  not  by  NF-kB  p50  RNAi.  These  find¬ 
ings  further  support  a  critical  role  for  p38  in  SM- 
induced  inflammatory  cytokine  production  in  NHEK 
and  suggest  that  NE-kB  may  not  play  a  role  in  the 
SM-induced  inflammatory  response  of  this  cell  type. 
Inhibition  of  NE-kB  by  p50  RNAi  did,  however,  par¬ 
tially  inhibit  SM-induced  cell  death,  suggesting  a  role 
for  NE-kB  in  SM-induced  apoptosis  or  necrosis.  Inter¬ 
estingly,  inhibition  of  p53  by  RNAi  potentiated  SM- 
induced  cell  death,  suggesting  that  the  role  of  p53  in 
SM  injury,  may  be  complex  and  not  simply  prodeath. 
©  2010  Wiley  Periodicals,  Inc.  J  Biochem  Mol  Toxicol 
00:1-10,  2010;  Published  online  in  Wiley  InterScience 
(www.interscience.wiley.com).  DOI  10:1002/jbt.20321 
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INTRODUCTION 

Sulfur  mustard  (SM;  bis-(2-chloroethyl)  sulfide)  is 
a  highly  reactive  bifunctional  alkylating  agent  that  co¬ 
valently  modifies  DNA,  protein,  and  other  biological 
molecules.  This  compound  is  potently  toxic  and  has 
been  used  as  a  vesicant  in  military  campaigns  since  the 
First  World  War.  Skin  is  a  major  target  tissue,  and  clin¬ 
ical  presentations  of  SM  cutaneous  injuries  are  char¬ 
acterized  by  vesication  and  severe  inflammation  [1]. 
The  molecular  mechanisms  that  lead  to  these  signs 
and  symptoms  are  not  well  understood;  however,  the 
known  roles  of  p38  [2,3],  p53  [4],  and  NF-kB  [5]  in  cell 
physiology  have  made  these  pathways  of  particular 
interest  in  the  study  of  the  cellular  response  to  SM. 

Inflammatory  cytokines  shown  to  be  induced  by 
SM,  IL-1|3,  IL-6,  IL-8,  and  TNFa  [6-8],  are  known  to 
be  modulated  by  p38  and/ or  NF-kB  in  other  systems 
[3,5].  Both  p38  and  NF-kB  are  activated  in  SM-exposed 
cells  [7,9-11],  but  it  is  NF-kB  that  has  long  been  im¬ 
plicated  as  playing  a  primary  role  in  SM-induced  in¬ 
flammatory  cytokine  production  [9,12-14].  These  im¬ 
plications  have  been  based  on  the  observations  that  (1) 
SM-  or  SM  analog-induced  modulation  of  NF-kB  ac¬ 
tivity  in  gel  shift  assays  correlates  with  inflammatory 
or  protection  events,  and  (2)  NF-kB  exhibits  pro  inflam¬ 
matory  activity  in  other  systems  [15,16].  Less  has  been 
reported  regarding  the  role  of  p38  in  SM  injury.  A  pre¬ 
vious  study  by  our  laboratory  showed  that  SB203580, 
a  small  molecule  inhibitor  of  p38,  substantially  and 
significantly  decreased  inflammatory  cytokine  produc¬ 
tion  [7].  This  suggests  that  p38  may  play  a  more  critical 
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role  than  NF-kB  in  SM-induced  inflammatory  cytokine 
production.  However,  experiments  that  would  more 
clearly  define  the  roles  of  p38  and  NF-  kB  in  SM-induced 
cyfokine  producfion  and  inflammation  have  nof  been 
published. 

Anofher  characferisfic  of  SM  cufaneous  injury  is 
exfensive  deafh  of  basal  kerafinocyfes  [17,18].  This 
presenfs  anofher  possible  role  for  NF-kB  in  SM  injury 
since  NF-kB  is  known  fo  play  a  role  in  cell  fafe  follow¬ 
ing  injury  or  sfress  in  ofher  sysfems  [19-22].  However, 
p53  is  also  acfivafed  in  SM  injury  [10,23-25].  Given 
fhaf  SM  is  known  fo  damage  DNA  and  fhe  classical 
role  of  p53  is  in  cell  cycle  arresf  and  apopfosis,  p53 
has  been  widely  implicafed  in  SM-induced  cell  deafh 
[10,23,24,26,27]. 

Alfhough  p38,  p53,  and  NF-kB  have  been  impli¬ 
cafed  in  fhe  response  of  cells  fo  SM,  fhe  roles  of  fhese 
major  pafhways  in  SM  injury  remain  unclear.  To  furfher 
our  undersfanding  of  fhese  molecules  in  SM  injury,  we 
have  surveyed  fhe  effecfs  of  RNAi  againsf  p38a,  p53, 
and  NF-kB1  (fhe  p50  subunif  of  NF-kB)  on  SM-induced 
inflammafion,  cell  deafh,  and  phenofypic  changes  in 
normal  human  epidermal  kerafinocyfes  (NHEK). 

MATERIALS  AND  METHODS 

Cell  Culture 

NHEK  were  obfained  as  cryopreserved  stocks  from 
Cascade  Biologies  (a  division  of  Invifrogen,  Carls¬ 
bad,  CA).  All  sfudies  included  fhe  use  of  NHEK 
from  fwo  differenf  donors.  Cells  were  seeded  af  2.5  x 
10^  cells/cm^  info  75  cm^  flasks.  Cells  were  grown 
in  serum-free  supplemented  kerafinoeyfe  growfh 
medium  (EpiLife,  Cascade  Biologies)  fo  80%-90%  den- 
sify  prior  fo  passaging  and  reseeding  af  2.5  x  10^ 
cells /cm^  info  T-25  flasks,  6-well  plafes,  or  24-well 
plafes.  The  cells  were  grown  af  37°C  wifh  5%  CO2. 
Second  and  fhird  passages  posferyopreserved  seedings 
were  used  for  exposures  af  80%-90%  confluence. 

RNAi  Transfection 

Target  genes  p38a,  p53,  and  NE-kB1  (the  p50  sub¬ 
unit  of  NE-kB)  were  silenced  using  Validated  Stealth 
RNAi  DuoPaks  (Invifrogen).  Each  target  was  silenced 
using  a  mixture  of  both  sequences  from  the  DuoPak  in 
equal  molar  amounts.  Lipofectamine  RNAiMAX  trans¬ 
fection  reagent  (Invifrogen)  was  used  to  transfect  the 
RNAi.  RNAi  and  transfection  reagent  were  diluted 
in  Opti-MEM  reduced-serum  medium  (Invifrogen), 
mixed,  and  then  added  to  cells.  Cells  were  transfected 
for  6  h,  then  washed  with  phosphate  buffered  saline 
(PBS,  10  mM  sodium  phosphate,  0.9%  NaCl,  pH  7.4) 
and  overlaid  with  fresh  culture  medium.  To  achieve 


equivalent  RNAi  transfection  across  different  t5rpes  of 
culture  vessels  (T-25, 6-well,  and  24-well  plates),  RNAi 
was  administered  to  the  cells  relative  to  the  area  of 
the  culture  vessel.  This  method  gave  equivalent  target 
knockdown  across  different  culture  vessels  (data  not 
shown).  Transfection  optimization  studies  were  per¬ 
formed  for  each  target  to  determine  the  minimal  dose 
necessary  to  achieve  at  least  70%  knockdown  as  de¬ 
termined  by  Western  blot  analysis.  It  was  determined 
that  4  pmol  /  cm^  f or  p38  a  and  6  pmol  /  cm^  f or  p53  and 
NF-kB1  were  optimal  at  a  ratio  of  1  pL  RNAi  (20  pM) 
to  1.5  pL  transfection  reagent. 

RNAi  Target  Specificity  Controls 

Validated  Stealth  Negative  Control  Duplex  RNAi 
was  utilized  to  control  for  off-target  effects.  The  du¬ 
plex  was  configured  to  match  the  guanine  cytosine 
(GC)  content  of  the  targeting  RNAi  and  transfected 
as  described  above.  For  each  target  described  above, 
one  sequence  had  tow  GC  content  (35%-45%)  and  the 
other  had  medium  GC  content  (45%-55%).  The  neg¬ 
ative  control  consisted  of  a  mixture  of  one  sequence 
with  low  GC  content  (36%)  and  one  medium  GC  con¬ 
tent  (48%)  in  equal  molar  amounts.  Results  with  p38a 
RNAi  were  confirmed  by  comparison  to  control  SM 
exposures  of  NHEK  treated  with  10  pM  of  SB203580 
(or  DMSO  vehicle  control)  as  described  previously  [7]. 
Highly  specific  small  molecule  inhibitors  are  not  avail¬ 
able  for  p53  and  NE-kB1.  Therefore,  target  specific  ef¬ 
fects  for  these  molecules  were  confirmed  by  testing  the 
two  RNAi  sequences  in  each  DuoPak  independently. 
Each  sequence  tested  at  the  same  concentration  as  the 
duplex  (6  pmol/ cm^). 

SM  Exposures 

SM  was  obtained  from  the  U.S.  Army  Edge- 
wood  Chemical  Biological  Center  (Aberdeen  Proving 
Ground,  MD).  All  SM  exposures  were  performed  in  a 
certified  chemical  surety  fume  hood.  A  frozen  aliquot 
of  neat  (undiluted)  SM  in  keratinocyte  growth  medium 
was  thawed  and  vortexed  to  generate  a  4-mM  SM  stock 
solution.  This  stock  solution  was  placed  on  ice  and 
immediately  diluted  into  medium  to  expose  cells  to 
SM.  The  exposure  dose  was  200  pM  SM  for  all  experi¬ 
ments.  Cells  were  maintained  at  37°C  with  5%  CO2  dur¬ 
ing  pretreatments.  For  SM  exposures,  cells  were  left  at 
37°  C  with  room  CO2  concentrations  for  a  maximum  of 
30  min  and  returned  to  37°C  with  5%  CO2  for  the  re¬ 
mainder  of  the  postexposure  time  period. 

Membrane  Integrity  Assay 

Lactate  dehydrogenase  (LDH)  activity  in  cell 
medium  was  used  as  a  correlate  of  membrane  integrity 
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and  cell  viability  [28,29]  and  measured  with  the 
CytoTox-ONE  Homogeneous  Membrane  Integrity  As¬ 
say  Kit  (Pro mega,  Madison,  WI).  Culture  medium  was 
collected  to  measure  spontaneous  release  of  LDH,  and 
cells  were  lysed  for  fofal  LDH.  Samples  were  frans- 
ferred  fo  a  96-well  black  plafe  and  mixed  wifh  an 
equal  volume  of  assay  buffer.  Affer  10  min  of  incu- 
bafion  af  room  femperafure,  stop  solution  was  added 
fo  each  well.  Fluorescence  was  recorded  wifh  a  Genios 
(TECAN  US,  Research  Triangle  Park,  NC)  plafe  reader 
equipped  wifh  a  535-nm  excifafion  wavelengfh  filter 
and  a  595-nm  emission  filter.  The  dafa  are  expressed  as 
fhe  percenf  membrane  infegrify  over  time  (average  of 
fhree  biological  replicafes  ±  sfandard  error  (SD)).  Each 
biological  replicafe  was  analyzed  in  friplicafe  (fhree 
fechnical  replicafes  for  each  biological  replicafe). 

Cytokine  Analysis 

The  levels  of  cyfokines  in  culfure  medium  sam¬ 
ples  were  measured  using  fhe  Beadlyfe  Human  Mulfi- 
Cyfokine  Defecfion  Sysfem  2  (Millipore,  Billerica,  MA). 
Culfure  medium  was  removed  from  each  vessel  and 
immediately  sfored  af  —  80°C  for  subsequenf  analysis. 
The  samples  were  briefly  cenfrifuged  in  a  refrigerated 
microfuge  fo  remove  cellular  debris.  The  assay  was  per¬ 
formed  according  fo  fhe  manufacfurer's  insfrucfions 
and  analyzed  using  a  Bio-Plex  Sysfem  array  reader  wifh 
Bio-Plex  Manager  4.0  software  (Bio-Rad  Laboratories, 
Hercules,  CA).  The  data  are  expressed  as  the  average 
of  fhe  number  of  biological  replicafes  ±  sfandard  de¬ 
viation  (SD).  Each  biological  replicafe  was  a  separafe 
plafing,  and  each  biological  replicafe  was  analyzed  in 
friplicafe  (fhree  fechnical  replicafes  for  each  biological 
replicafe). 

Isolation  of  Proteins  and  Gel 

Electrophoresis 

The  culture  medium  was  removed  from  the  cells, 
and  the  cells  were  washed  with  PBS.  The  cells  were 
lysed  with  350  pL  SDS  lysis  buffer  (125  mM  Tris, 
4%  SDS,  20%  glycerol,  pH  6.8),  scraped  from  the  cul¬ 
ture  vessel,  and  collected  into  0.5  mL  tubes  contain¬ 
ing  100  pL  of  0.5  mm  glass  beads.  The  lysates  were 
then  homogenized  at  4°C  for  30  s  in  a  mini-bead  beater 
(BioSpec  Products  Inc.,  Bartlesville,  OK).  SM  exposure 
has  been  shown  to  induce  changes  in  the  expression  of 
housekeeping  genes,  making  normalization  to  a  house¬ 
keeping  gene  inaccurate  [26].  To  address  this  issue, 
we  normalized  to  total  protein  content  by  precisely 
quantifying  the  amount  of  total  protein  in  each  sam¬ 
ple  using  the  EZQ  Protein  Quantitation  kit  (Invitrogen) 
prior  to  gel  loading.  The  samples  were  then  resolved  on 


10%  criterion  precast  Bis-Tris  SDS  polyacrylamide  gels 
(BioRad,  Hercules,  CA)  with  50  pg  of  protein  loaded 
per  lane. 


Immunoblotting 

Resolved  proteins  were  transferred  from  polyacry¬ 
lamide  gels  to  pol5rvinylidene  fluoride  membranes 
(PVDF;  Hybond,  Amersham  Pharmacia  Biotech,  Pis- 
cataway,  NJ)  by  electroblotting.  The  membranes  were 
blocked  with  5%  nonfat  dry  milk  in  TBST  (60  mM 
Tris,  pH  7.5,  0.9%  sodium  chloride,  0.1%  Tween  20). 
The  blots  were  probed  with  primary  antibodies  di¬ 
luted  in  5%  bovine  serum  albumin  (Sigma  Aldrich, 
St.  Louis,  MO).  All  primary  antibodies  were  obtained 
from  Cell  Signaling  Technology  (Beverly,  MA)  and  di¬ 
luted  1 :2000  in  blocking  buffer  for  blotting.  Primary  an¬ 
tibodies  were  rabbit  polyclonal  phospho-p53  (ser  15) 
antibody  (Cat#  9284),  rabbit  polyclonal  p53  antibody 
(Cat#  9282),  rabbit  polyclonal  IxBa  antibody  (Cat# 
9242),  rabbit  polyclonal  p38  a  antibody  (Cat#  9218),  rab¬ 
bit  polyclonal  NF-kB1  pl05/p50  antibody  (Cat#  3035), 
mouse  monoclonal  antibody  phospho-p38  MAPK  an¬ 
tibody  (Thrl80/Tyrl82)  (Cat#9216),  and  rabbit  poly¬ 
clonal  p38  antibody  (Cat#  9212).  Primary  antibody  was 
detected  via  an  alkaline  phosphatase  conjugated  mouse 
antirabbit  secondary  antibody  (Zymed  Laboratories, 
Invitrogen)  and  enhanced  chemifluorescence  (ECF; 
Amersham  Pharmacia  Biotech,  Piscataway,  NJ).  The 
fluorescent  signal  was  detected  and  visualized  using 
a  Typhoon  scanner  (Molecular  Dynamics,  Surm5rvale, 
CA)  and  analyzed  using  ImageQuant  software  Version 
II  (Molecular  D5mamics). 

Statistical  Analyses 

Cytokine  production  in  pg/ mL  is  expressed  as  the 
average  ±  SD  {n  —  5  for  p53  and  NF-kB1  RNAi  groups, 
n  —  6  for  p38a  groups,  and  n  —  8  for  all  other  groups). 
The  percent  loss  of  membrane  integrity  is  expressed  as 
the  meaniSD  (n  =  3).  Data  were  analyzed  for  statis¬ 
tical  significance  using  a  one-way  analysis  of  variance 
(ANOVA)  followed  by  Bonferormi's  multiple  compar¬ 
ison  tests. 


Microscopy 

Digital  image  microscopy  was  performed  using  an 
Olympus  CKX41  culture  microscope  (WHBIOX  eye¬ 
piece  with  a  10  X  objective)  and  DP12  microscope  dig¬ 
ital  camera  system  (Olympus  America,  Inc.,  Melville, 
NY).  Images  were  compiled  using  Adobe  Photoshop 
Elements  version  6.0  (San  Jose,  CA). 
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RESULTS 

Target  Knockdown  by  RNAi 

We  investigated  p38,  p53,  and  NF-kB  to  clarify 
their  roles  in  the  cellular  response  to  SM  injury.  We 
utilized  RNAi  for  fargef  inhibifion  because,  relafive  fo 
many  pharmacologic  inhibitors,  RNAi  has  greafer  far¬ 
gef  specificify,  and  negative  confrols  can  be  employed. 
RNAi  fargefing  p38a  was  chosen  because  if  is  fhe  ma¬ 
jor  p38  isoform  involved  in  fhe  immune  response  and 
inflammatory  cyfokine  producfion  [30]  and  fhe  major 
p38  isoform  in  NHEK  (dafa  nof  shown).  Our  infenf 
for  NF-kB  was  fo  assess  fhe  role  of  fhe  classical  acti¬ 
vation  pafhway  in  cyfokine  producfion  in  SM-exposed 
NFIEK.  Alfhough  fhere  are  some  exceptions,  fhe  clas¬ 
sical  NF-kB  activation  pafhway  wifh  fhe  p50-p65  hef- 
erodimer  is  implicafed  in  fhe  NF-KB-driven  expression 
of  fhe  inflammatory  cytokines  of  inferesf  in  fhis  sfudy 
[5,31].  Our  selection  of  p50  was  based  on  fhis  dafa  fhaf 
inhibifion  of  p50  should  interfere  wifh  NF-xB-driven 
expression  of  genes  in  response  fo  SM.  This  is  consis- 
fenf  wifh  fhe  finding  of  Rebholz  ef  al.  fhaf  fhe  canonical 
NF-kB  pafhway  is  involved  in  fhe  response  fo  SM  [11]. 

To  assess  and  confirm  fargef  knockdown  by  RNAi, 
fargef  expression  was  evaluafed  by  Western  blof  anal¬ 
ysis  (Figure  1).  Wesfem  blof  densifomefry  analysis 
showed  fhaf  RNAi  knocked  down  p38  a  protein  expres¬ 
sion  89%  relafive  fo  fhe  average  of  fhe  naive  and  confrol 
RNAi-freafed  cells.  Wesfern  blof  analysis  for  fofal  p38 
showed  fhaf  p38a  RNAi  knocked  down  fofal  p38  ex¬ 
pression  79%  (dafa  nof  shown).  These  resulfs  suggesf 
fhaf  p38a  is  fhe  major  isoform  of  p38  in  NFIEK,  com¬ 
prising  approximafely  90%  of  fhe  fofal  p38  in  fhe  cell. 
Wesfern  blof  densifomefry  analysis  showed  fhaf  p50, 
pl05,  and  p53  expression  was  knocked  down  78%,  82%, 
and  92%,  respectively  These  dafa  also  show  fhaf  knock 
down  of  any  one  of  fhe  proteins  of  inferesf  (p38a,  p53. 


Probe  for  r 
NF-kB  1  I 


NF-kB1)  did  nof  alfer  fhe  expression  levels  of  fhe  ofher 
fargefs.  Knockdown  of  p50,  pl05,  and  p53  expression 
by  fhe  independenf  sequences  of  fhe  NF-kB  1  and  p53 
duplexes  RNAi  was  wifhin  10%  of  fhe  expression  levels 
described  above  (dafa  nof  shown). 


Inflammatory  Cytokine  Production 

NHEK  were  treated  with  RNAi  and  exposed  to 
200  pM  SM.  Inflammatory  cytokines  secreted  by  NHEK 
into  the  culture  medium  were  measured  24  h  after  ex¬ 
posure.  Production  of  cytokines  by  unexposed  RNAi- 
freafed  NHEK  was  similar  to  naive  cells  (data  not 
shown).  SM  exposure  induced  NHEK  to  produce  IL-8, 
IL-6,  TNFa,  and  IL-1(3  (Figure  2).  p38a  RNAi  was  the 
only  treatment  that  inhibited  the  production  of  IL-8, 
IL-6,  and  TNFa.  This  inhibition  was  significant  relative 
to  both  the  SM  and  SM  control  RNAi  groups.  SB203580 
produced  the  same  effects  as  p38a  RNAi  with  the  ex¬ 
ception  that  cytokine  inhibition  was  generally  greater 
with  SB203580  (data  not  shown).  NF-kB1  RNAi  did 
not  inhibit  the  SM-induced  production  of  these  cy¬ 
tokines,  but  rather  significantly  elevated  the  produc¬ 
tion  of  IL-8  and  IL-6  relative  to  the  SM  group.  Similar 
results  were  obtained  with  each  of  the  NF-kB1  RNAi 
DuoPak  sequences  when  tested  separately  (data  not 
shown).  The  production  of  IL-8,  IL-6,  and  TNFa  by  p53 
RNAi-freafed  SM-exposed  cells  was  equivalent  with 
the  SM  group  and  not  significantly  different  from  the 
SM-exposed  control  RNAi  group,  which  had  slightly 
elevated  levels  of  these  cytokines.  Similar  results  were 
obtained  with  each  of  the  p53  RNAi  duplex  sequences 
when  tested  separately  (data  not  shown).  All  RNAi 
treatment  groups  significantly  decreased  the  produc¬ 
tion  of  IL-1(3  by  SM-exposed  cells  to  about  half  the 
level  of  the  SM  group.  Further  inhibition  of  SM-induced 
production  of  IL-1|3  was  observed  with  p38a  and  NF- 
kBI  RNAi  treatment;  however,  neither  was  significant 
relative  to  the  SM-exposed  control  RNAi  group.  IL- 
1  (3  production  by  SM-exposed  p53  RNAi-freafed  cells 
was  similar  to  that  of  SM-exposed  control  RNAi-freafed 
cells. 


Cell  Viability  and  Cell  Morphology 


Probe  for  p53| 
Probe  for  p38a  I 


FIGURE  1.  Western  blot  analysis  of  pSSoc,  p53,  and  p50/pl00  (NF- 
kBI)  knockdown  by  RNAi  in  NHEK.  NHEK  were  treated  with  p38  oc, 
p53,  NF-kB1,  or  control  RNAi,  and  whole  cell  lysates  were  prepared 
48  h  after  transfection.  Samples  were  resolved  by  SDS  PAGE,  im- 
munoblotted,  and  probed  with  an  antibody  for  each  target.  The  data 
shown  are  representative  of  three  biological  replicates. 


LDH  activity  in  cell  medium  was  used  as  a  cor¬ 
relate  of  membrane  integrity  and  cell  viability.  NHEK 
were  treated  with  RNAi  and  exposed  to  200  pM  SM; 
LDH  in  cell  medium  was  then  assayed  at  1, 2, 4, 8,  and 
24  h  after  exposure.  Membrane  integrity  of  all  unex¬ 
posed  RNAi-freafed  NHEK  was  similar  to  naive  cells 
at  all  time  points,  with  the  exception  of  unexposed 
p53  RNAi-treated  cells,  which  was  l%-2%  lower  at 
each  time  point.  SM  exposure  induces  only  a  small 
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FIGURE  2.  Analysis  of  inflammatory  cytokines  IL-6,  IL-8,  TNF  oc,  and  IL-1  (3  in  culture  medium  from  RNAi-treated  SM-exposed  NHEK.  NITEK 
were  treated  with  RNAi  for  48  h  and  exposed  to  200  pM  SM.  Culture  medium  was  collected  24  h  postexposure  and  briefly  centrifuged  prior  to 
multiplex  assay  for  inflammatory  cytokines.  Each  biological  replicate  was  a  separate  plating,  and  each  was  analyzed  in  triplicate  (three  technical 
replicates  for  each  biological  replicate).  The  data  are  expressed  as  pg/mL  of  the  average  ±  SD  {n  =  5  for  p53  and  NF-kB1  RNAi  groups,  n  =  6 
for  p38aRNAi  groups,  and  n  =  8  all  other  groups).  Cytokine  production  significantly  less  than  the  SM-exposed  group  and  SM-exposed  control 
RNAi-treated  group  is  indicated  by  asterisks  (*  p  <  0.05,  **p  <  0.01,  ***p  <  0.001).  Cytokine  production  significantly  greater  than  the  SM-exposed 
group  is  indicated  by  symbol  t(t  p  <  0.05,  p  <  0.001). 


loss  in  membrane  integrity  at  early  time  points,  which 
is  first  observable  at  4  h  after  exposure  (Figure  3).  At 
24  h  after  exposure,  the  loss  of  membrane  infegrify  is 
greafer.  Treafmenf  wifh  p38a  or  confrol  RNAi  does  nof 
adversely  affecf  nor  improve  fhe  membrane  infegrify 
of  exposed  cells  af  0-8  h.  However,  fhe  membrane  in¬ 
fegrify  of  fhese  groups  af  24  h  was  slighfly  less,  pre¬ 
sumably  due  fo  fransfecfion-relafed  sfress.  Treafmenf 
wifh  p53  RNAi  significanfly  accelerafed  and  pofenfi- 
afed  fhe  SM-induced  loss  of  membrane  infegrify.  This 
loss  was  firsf  observable  jusf  4  h  affer  exposure  and  sig¬ 
nificanfly  greafer  fhan  in  all  ofher  experimenfal  groups 

/  Biochem  Molecular  Toxicology  DOI  10:1002/jbt 


af  fhe  8-  and  24-h  fime  poinfs.  SM-exposed  NF-kB1 
RNAi-freafed  cells  had  modes!,  buf  significanfly  bef- 
fer,  membrane  infegrify  fhan  did  all  ofher  SM-exposed 
groups  af  fhe  24-h  fime  poinf. 

The  effecfs  of  RNAi  freafmenf  on  fhe  SM-induced 
loss  of  membrane  infegrify  correlafed  wifh  SM-induced 
changes  in  cell  morphology  observed  by  microscopy. 
If  should  be  nofed  fhaf  any  possible  relationship  be- 
fween  early  phenof5rpic  changes  and  ulfimafe  deafh 
by  necrosis  has  nof  been  esfablished.  Thus,  fhe  as- 
sessmenf  of  general  cell  healfh  by  phenof5^ic  appear¬ 
ance  and  assessmenf  of  necrosis  by  LDH  release  are 
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Time 


FIGURE  3.  Analysis  of  membrane  integrity  by  LDH  assay.  LDH  ac¬ 
tivity  in  cell  medium  was  used  as  an  indicator  of  membrane  integrity. 
NHEK  were  treated  with  RNAi  for  48  h  and  exposed  to  200  pM  SM  for 
24  h.  Culture  medium  was  collected  to  measure  spontaneous  release 
of  LDH,  and  cells  were  lysed  for  total  LDH.  LDH  release  was  assessed 
at  1, 2, 4, 8,  and  24  h  post-SM  exposure.  The  data  are  expressed  as  per¬ 
cent  membrane  integrity  over  time  of  the  average  of  three  biological 
replicates  ±  SD.  Each  biological  replicate  was  analyzed  in  triplicate 
(three  technical  replicates  for  each  biological  replicate).  Membrane  in¬ 
tegrity  significantly  less  than  all  SM-exposed  groups  is  indicated  by 
asterisks  (p  <  0.001).  Membrane  integrity  significantly  greater  than 
all  SM-exposed  groups  is  indicated  by  symbol  t(p  <  0.001). 


complimentary,  but  not  necessarily  related,  analyses. 
Photomicrographs  of  naive  cells  and  SM-exposed  cells 
that  have  been  treated  with  control,  NF-kB1,  or  p53 
RNAi  at  4  h  postexposure  are  shown  in  Figure  4  (panel 
a).  The  morphology  changes  seen  in  the  SM-exposed 
control  RNAi  group  (Figure  4,  panel  a2)  are  repre¬ 
sentative  of  fhe  SM-exposed  cells,  SM-exposed  p38a 
RNAi-freafed  cells,  SM-exposed  SB203580-freafed  cells, 
and  SM-exposed  DMSO  vehicle  confrol  cells  (dafa  nof 
shown).  The  edges  of  virfually  all  fhe  cells  have  a  jagged 
appearance  possibly  due  fo  early  evenfs  of  cell  de- 
fachmenf  relafed  fo  condensafion.  In  confrasf,  fhe  SM- 
exposed  NF-kB1  RNAi-freafed  cells  (Figure  4,  panel 
a3)  had  very  smoofh  edges  and  were  virfually  indis¬ 
tinguishable  from  naive  cells  (Figure  4,  panel  al)  af  fhe 
4-h  poinf.  Af  8  h,  SM-exposed  NF-kB1  RNAi-freafed 
cells  (Figure  4,  panel  b3)  have  a  larger  fraction  of  de- 
fached  cells  relative  fo  fhe  4-h  fime  poinf,  buf  fhose  fhaf 
remained  affached  looked  very  similar  fo  naive  cells 
(Figure  4,  panel  bl).  Similar  resulfs  were  obfained  wifh 
each  of  fhe  independenfly  fesfed  NF-kB1  RNAi  duplex 
sequences  (dafa  nof  shown).  The  mosf  pronounced  SM- 
induced  changes  in  cell  morphology  were  seen  in  fhe 
SM-exposed  p53  RNAi  group.  Af  jusf  4  h,  fhe  majorify 
of  fhese  cells  were  condensed,  and  fhose  fhaf  remained 
affached  fo  fhe  culfure  flask  had  jagged  edges  (Figure  4, 
panel  a4) .  Af  8  h  af f er  SM  exposure,  virfually  all  fhe  cells 
in  fhe  SM-exposed  p53  RNAi  group  were  condensed 
(Figure  4,  panel  b4).  In  confrasf,  mosf  cells  in  fhe  8-h 
SM-exposed  confrol  RNAi  group  (Figure  4,  panel  b2) 
remained  affached,  and  only  a  fraction  of  fhe  cells  had 


FIGURE  4.  Phase  contrast  photomicrographs  of  SM-exposed  NHEK 
4  h  (panel  a)  and  8  h  (panel  b)  postexposure.  NHEK  were  treated 
with  RNAi  for  48  h  and  exposed  to  200  pM  SM  for  the  indicated  time 
points.  Cells  were  then  evaluated  by  phase  contrast  microscopy  using 
an  Olympus  CKX41  microscope.  Photomicrographs  were  captured 
with  an  Olympus  DP12  camera.  Micrographs  are  representative  of 
three  biological  replicates. 


condensed.  The  8-h  SM  exposed  p53  RNAi  group  ap¬ 
peared  mosf  similar  fo  fhe  24-h  SM  group  in  which  fhe 
majorify  of  fhe  cells  had  condensed  (see  supplemen- 
fal  dafa).  Similar  resulfs  were  obfained  wifh  each  of 
fhe  independenfly  fesfed  p53  RNAi  duplex  sequences 
(dafa  nof  shown).  Af  24  h  posf exposure,  fhere  appeared 
fo  be  exfensive  cell  deafh  (cell  condensafion)  in  all  fhe 
SM-exposed  groups  and  virfually  no  difference  in  cell 
morphology  between  any  of  fhe  SM-exposed  freafmenf 
groups  af  fhis  fime  poinf  (see  panel  c  of  Figure  4  in 
supplemenfal  dafa).  Thus,  fhe  modesf  improvemenf  in 
membrane  infegrify  of  NF-kB1  RNAi-freafed  cells  seen 
by  LDFI  assay  was  nof  observable  by  cell  morphology. 
None  of  fhe  SM-induced  morphology  changes  were 
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FIGURE  5.  Western  blot  analyses  of  p38  phosphorylation  (panel  a), 
p53  phosphorylation  (panel  b),  total  p53  (panel  c),  and  I  kB  a  (panel  d) 
in  SM-exposed  NHEK.  NHEK  were  treated  with  RNAi  for  48  h  and 
exposed  to  200  pM  SM  for  the  indicated  time.  Whole  cell  lysates 
were  prepared,  resolved  by  SDS-PAGE,  immunoblotted,  and  probed 
with  antibodies  for  phospho  p38  (threonmel80/tyrosinel82),  phos¬ 
pho  p53  (serine  15),  total  p53,  or  IkBdc.  The  data  shown  are  represen¬ 
tative  of  three  biological  replicates. 


observed  in  any  of  the  unexposed  RNAi-transfected 
groups  (data  not  shown). 


p38,  p53,  and  NF-kB  Signaling 

The  roles  of  p38,  p53,  and  NF-kB  in  SM-induced 
signaling  were  also  investigated  by  Western  blot  anal¬ 
ysis.  NHEK  were  treated  with  RNAi  and  exposed  to 
200  pM  SM,  and  whole  cell  lysates  were  collected  at  1, 
2,  4,  and  8  h  after  exposure.  Samples  were  normalized 
by  total  protein  content,  then  resolved  and  blotted.  p38 
phosphorylation  appeared  maximal  at  the  earliest  time 
point  of  1  h,  and  there  was  no  apparent  increase  over  the 
8-h  time  course  (Figure  5,  panel  a).  p38  phosphorylation 
was  roughly  equivalent  among  the  SM-exposed  experi¬ 
mental  groups,  with  the  exception  of  p38  RNAi-treated 
cells.  SM  exposure  also  induced  the  phosphorylation 


of  p53  (Figure  5,  panel  b).  p53  phosphorylation  was  ob¬ 
servable  at  1  h,  but  increased  over  the  8-h  time  course. 
Phosphorylation  of  p53  was  equivalent  among  the  SM- 
exposed  experimental  groups  at  each  time  point  with 
the  exception  of  p53  RNAi-treated  cells.  We  also  evalu¬ 
ated  activation  of  p53  by  analyzing  the  accumulation  of 
total  p53.  SM  did  not  appear  to  induce  the  accumulation 
of  p53  in  NHEK  (Figure  5,  panel  c),  and  the  levels  of  p53 
in  NHEK  appeared  to  be  equivalent  among  both  SM- 
exposed  and  unexposed  groups  at  all  time  points;  again 
with  the  exception  of  cells  treated  with  p53  RNAi.  Since 
degradation  of  I  kB  a  occurs  during  the  activation  of  NF- 
kB,  we  analyzed  the  degradation  of  I  kB  a  as  a  surrogate 
marker  of  NF-kB  activation  (Figure  5,  panel  d).  Unlike 
p53,  which  is  activated  early  in  SM-exposed  cells,  NBa 
degradation  was  not  apparent  until  2  h  after  SM  ex¬ 
posure.  iKBa  degradation  was  equivalent  among  the 
SM-exposed  experimental  groups  at  the  8-h  time  point. 
IkBk  degradation  was  slightly  less  in  SM-exposed  NF- 
kBI  RNAi-treated  cells  at  the  2-  and  4-h  time  points 
relative  to  the  other  SM-exposed  experimental  groups. 


DISCUSSION 

p38  RNAi  significantly  inhibited  the  SM-induced 
production  of  IL-8,  IL-6,  and  TNFa  by  NHEK.  These 
findings  are  consistent  with  a  previous  report  from  our 
laboratory  investigating  p38  signaling  in  SM-exposed 
NHEK  [7].  In  that  study,  we  used  the  p38  inhibitor 
SB203580  and  demonstrated  substantial  and  significant 
inhibition  of  inflammatory  cytokine  production  (IL-1 13, 
IL-6,  IL-8,  and  TNFa)  by  SM-exposed  NHEK.  Taken  to¬ 
gether,  these  studies  suggest  that  p38  may  play  a  critical 
role  in  signaling  inflammatory  cytokine  production  in 
SM-exposed  NHEK.  p38  RNAi  did  not  appear  to  affect 
SM-induced  loss  of  membrane  integrity  or  phenot5rpic 
changes,  which  suggests  that  p38  may  not  play  a  role 
in  the  fate  of  cells  exposed  to  SM.  p38  activation  was 
apparent  at  our  earliest  time  point  analyzed,  which  was 
1  h  postexposure.  This  is  consistent  with  previous  re¬ 
ports  that  p38  is  activated  early  in  SM-exposed  cells 
[7,11]. 

NF-kB1  RNAi  (which  targets  the  canonical  NF-kB 
p50  subunit)  did  not  inhibit  the  SM-induced  produc¬ 
tion  of  IL-8,  IL-6,  and  TNFa  by  NHEK,  but  rather  in¬ 
creased  the  production  of  IL-6  and  IL-8.  One  possibility 
for  this  observation  is  that  since  NF-kB1  RNAi-treated 
cells  appear  to  be  healthier  slightly  longer  than  SM- 
exposed  cells,  they  may  have  a  longer  opportunity  to 
produce  cytokines.  Alternatively,  p50  or  NF-kB  plays 
a  negative  role  in  regulating  these  cytokines  in  SM 
injury.  NF-kB1  RNAi,  as  well  as  p38  RNAi,  inhibited 
SM-induced  IL-1 13  production  though  not  significantly. 
These  findings  suggest  the  possibility  that  NF-kB  may 
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not  play  a  major  role  in  SM-induced  inflammatory  cy¬ 
tokine  production  by  this  cell  t5^e,  with  the  excep¬ 
tion  of  a  partial  role  in  IL-1|3.  This  possibility  may  be 
supported  by  recent  findings  of  Rebholz  ef  al.  [11]  in- 
vesfigafing  fhe  SM-induced  acfivafion  of  MAPK  and 
NF-kB /RelA  pafhways  in  kerafinocyfes.  Utilizing  wild 
fype  and  RelA-knockouf  cells,  fhey  showed  by  elec- 
frophorefic  mobilify-shiff  assays  fhaf  only  fhe  canonical 
NF-kB  pafhway  is  acfivafed  by  SM  (no  binding  acfivify 
of  p52,  RelB,  or  c-Rel  was  observed) .  This  acfivafion  was 
dependenf  on  RelA  and  ofher  NF-kB  family  members 
could  nof  subsfifufe  in  cells  lacking  RelA.  Our  observa¬ 
tions  wifh  p50  RNAi  suggesf  fhaf  ofher  NF-kB  family 
members,  namely  p52,  may  nof  be  able  fo  subsfifufe 
for  fhe  role  of  p50  in  fhe  SM-induced  NF-kB  response. 
However,  if  is  imporfanf  fo  nofe  fhaf  RelA  may  have 
acfivifies  fhaf  are  independenf  of  p50  [31,32];  fherefore, 
fufure  sfudies  will  be  performed  using  RNAi  fo  fargef 
RelA,  as  well  as  fhe  noncanonical  NF-kB  family  mem¬ 
bers  p52,  RelB,  and  c-Rel  fo  furfher  elucidafe  fhe  role  of 
NF-kB  in  SM-injury  in  our  sysfem.  Our  resulfs  do  sug¬ 
gesf  a  role  for  NF-kB  in  fhe  fafe  of  cells  exposed  fo  SM  in 
fhaf  NF-kB1  RNAi  moderafely  delays  and  diminishes 
SM-induced  phenof5rpic  changes  and  loss  of  membrane 
infegrify.  NF-kB  may  play  a  prodeafh  role  given  fhe 
frend  foward  improved  cell  viabilify  wifh  p50  inhibi¬ 
tion.  This  would  be  consisfenf  wifh  reporfs  of  a  correla¬ 
tion  befween  decreased  NF-kB  acfivify  and  improved 
viabilify  wifh  SM-exposed  cells  [9,10,13];  however,  firm 
comparisons  fo  fhese  previous  reporfs  are  difficulf  due 
fo  broad  acfivify  of  fhe  inhibifors  and  fherapeufics  used 
in  those  studies. 

Our  results  do  not  support  a  role  for  p53  in  SM- 
induced  inflammatory  cytokine  production.  p53  has 
been  implicafed  in  fhe  fafe  of  cells  exposed  fo  SM 
[10,23,24,26,27].  Upregulafion  of  p53  by  HPV  E7  was 
observed  fo  sensifize  cells  fo  SM-induced  deafh  [23,25]. 
Considering  fhese  previous  sfudies,  we  anficipafed  fhaf 
p53  RNAi  would  affenuafe  SM-induced  apoptosis  in 
our  sysfem  and  resulf  in  improved  markers  of  cell  vi¬ 
abilify.  Inferesfingly,  p53  RNAi  freafmenf  had  fhe  op- 
posife  effecf.  However  surprising  fhese  findings  may 
be,  fhey  are  nof  unprecedenfed.  Chafurvedi  ef  al.  [33] 
also  observed  fhaf  p53  RNAi  freafmenf  of  primary  hu¬ 
man  kerafinocyfes  enhanced  cell  deafh  in  fheir  model 
of  UV  lighf -induced  apopfosis.  The  aufhors  suggesf ed 
fhaf  fhe  vulnerabilify  of  p53  RNAi-freafed  cells  may 
be  due  fo  a  reduced  capacify  for  DNA  repair;  if  cells 
cannof  efflcienfly  repair  fheir  damaged  DNA,  fhey  will 
more  rapidly  progress  fo  apopfosis.  Adding  fo  fhe  dif- 
ficulfy  of  undersfanding  fhe  role  of  p53  in  fhe  fafe  of 
cells  exposed  fo  SM  is  fhe  caveaf  fhaf  fhere  may  nof 
be  a  simple  relationship  befween  cellular  levels  of  p53 
and  apopfofic  responses  [34,35].  While  fhe  effecfs  of  p53 
RNAi  inhibition  by  RNAi  were  surprising,  fhe  kinefics 


of  p53  acfivafion  was  nof.  We  observed  p53  acfivafion 
af  our  earliesf  time  poinf  analyzed  which  was  1  h  posf- 
exposure.  This  is  consisfenf  wifh  previous  reporfs  fhaf 
p53  is  acfivafed  early  in  SM-exposed  cells  [7,10,11,24]. 
We  did  nof  observe  accumulation  of  p53  in  SM-exposed 
NHEK,  which  can  occur  since  p53  is  a  posifive  regulator 
of  ifs  own  franscripfion  [4]. 

Several  sfudies  have  shown  crossfalk  befween  fhe 
p38,  p53,  and  NE-kB  pafhways  in  ofher  sysfems  [36- 
40].  Any  pofenfial  crossfalk  befween  fhese  pafhways 
in  SM-exposed  cells  would  be  relevanf  in  undersfand¬ 
ing  fhe  molecular  mechanisms  of  SM-induced  injury. 
Our  Wesfem  blof  analyses  show  fhaf  RNAi  inhibifion 
of  any  one  of  fhese  molecules  does  nof  ultimately  af- 
fecf  fhe  SM-induced  acfivafion  of  any  of  fhe  ofhers. 
These  resulfs  suggesf  fhaf  fhere  may  be  no  crossfalk  be¬ 
fween  fhese  pafhways  in  SM-induced  signaling  or  fhaf 
any  crossfalk  fhaf  may  occur  is  downsfream  of  fhese 
molecules.  These  observations  are  similar  fo  fhose  re- 
cenfly  reported  by  Rebholz  ef  al.  [11].  They  observed 
fhaf  SM-induced  acfivafion  of  fhe  p38  pafhway  was 
no  differenf  in  RelA-deficienf  and  wild  type  cells  in¬ 
dicating  that  NE-kB  signaling  in  SM  exposure  was 
independent  of  p38  signaling.  The  apparenf  lack  of 
crossfalk  befween  fhese  molecules  in  fheir  sysfem  is 
consisfenf  wifh  our  observafions  fhaf  RNAi  againsf 
each  of  fhese  molecules  each  had  very  differenf  effecfs 
on  SM-exposed  cells:  (1)  p38  inhibifion  attenuates  in¬ 
flammatory  cyfokine  production,  (2)  NE-kB  inhibifion 
modesfly  improves  markers  of  cell  viabilify,  and  (3)  p53 
inhibifion  accelerates  and  pofenfiafes  cell  deafh. 

This  is  fhe  firsf  reporf  suggesf ing  fhaf  NE-kB  may 
nof  play  a  primary  role  in  fhe  inflammafory  response 
of  SM-exposed  cells.  Eurfhermore,  a  primary  role  for 
p38  in  SM-induced  cyfokine  producfion  has  now  been 
demonsfrafed  using  two  different  approaches;  RNAi 
and  SB203580.  These  findings  have  imporfanf  implica¬ 
tions  for  fufure  research  given  fhaf  NE-  kB  has  long  been 
implicafed  as  playing  a  primary  role  in  SM-induced  in¬ 
flammafory  cyfokine  producfion  [9,12-14].  Similarly, 
p53  is  widely  believed  fo  play  a  prodeafh  role  in  SM- 
exposed  cells  [10,23,24,26,27].  However,  our  findings 
wifh  p53  RNAi  demonsfrafe  fhe  complexifies  of  under¬ 
sfanding  fhe  role  of  fhis  molecule  in  fhe  fafe  of  cells 
exposed  fo  SM.  Given  fhaf  p38,  NE-kB,  and  p53  have 
been  implicafed  as  imporfanf  pafhways  involved  in  fhe 
cellular  response  fo  SM,  our  findings  provide  relevanf 
direcfion  for  fufure  SM  research. 


SUPPLEMENTARY  DATA 

A  supplemenf  fo  Eigure  4  showing  panel  c:24  h 
posfexposure  is  available  from  fhe  corresponding 
aufhor  on  requesf. 
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